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ABSTRACT

A flexible FORTRAN computer program to d-:-im.ue the tempevature history
and ablaticn hist~ry of aerodynamically heated flight bodies has been devised.
The effect or heat cenduc:iion and aerodynamic heating histories of the removal
of ablating wall materials is asutomatically accounted for by the computer pro-
gram. The program is flexible in that it can accommcdate flight body heat con-
duction inputs in the form of any reascnable combination of geometry and
construction materials. The program will accept only one ablative material at
any single position on the flight body surface but different ablative materials
can be specified for different locations. One section of the progra~ receives
flight trajectory, radiation-property, and local aerodynamic flow inputs and
provides for the computation of local aerodyramic heating and radiation relief.
The other section of the program governs the computation of lemperature higtory
throvghout the flight body and the thickness history of ablating layers. There
15 po provision for readjusting vehicle aerodynawics in accordance with body-
shape chanfes. In setting up the program it was assumed that the process of
decomposition of the ablative material was concentrated at the surface and that

the chemistry cf the decomposition could be accounted for by cipirically-baged

effective heats ol ablation and ablation surface temperatures instead of chemical

reaction equations and associated chemical reacticn rate comstants. Since the
report is to serve as a user's manual, a detailed descripiion of the compuier

prograo is provided. The description cuvers the engineering . o oach adopted in

relation to the general probiem of determining temperature e .d ablation histories

in a flight body by numeriéﬁl methods. This is foi:owed by .uformation on the

program structure, fiow of program information, and PPRTIRAN nomencleture. A
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sawple problem is posed and step-by-step preparation of the FURTRAN codi
is explained. Finally, an actual print-out from a computer run for the :

problem is dis”  7'ed and discussed.
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A FORTRAN OOMPUTER FPROGRAM FOR THE SOLUTION OF
MULTI-DIMENSIONAL, TRANSIGNT, ABLATION PROBLEMS

INTRODUCTION

One of the mary considerations in the design of & hypersonic defense
missile is ihe thermal protection system. Ablative systems are attractive in
this regard because of their automatic response to aerodynamic heat flux and
consequent simplicity compared to transpiration or ducted cooling éystems. As
a result of this situation, there is a continuing demand for efficient, flexible,
and effective ablation design calculacion procedures. This demand has been met,
in part. by the appearance of a number of ablation computer programs. However,
such programs have tended to be oriented toward the re-entry problem and it has
seemed that more attention could have been given to constructing programs flexi-
ble enmough to accept the variety of geometries, materials, and trajectory inputs
associated with the hypersonmic missile problem., This report presents an ablation
computer progran for subliming ablators that has been constructed with this
flexibility in mind. The report was prepared both as a descriptive exposition
of a particular engineering method and as a user's manual. Thus it lays out for
the potential user, mot only the general engineering techniques, but also the
flow of prugram information and the step-by-step instructions to the person
preparing the PSRTRAN coding sheets. Before proceedinmg further, a quick review
of ablation processes icr in order.

As is well known, sblation is characterized by the disintegiation of a
solid marerial under the combined mechanical and thermal action of a boundary
layer of hot gas. 1In high-speed flight, ablation generally occurs as a ~om-
“ination of physical and chemical procesces. The principal physical medes of

ablation are:
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{a) Melting of a solid surface
(b) Vaporiration of a liyuid
(c¢) Sublimation of a <>»lid surface
@Y Fre turing or shearing of solid surface layers
Chemical processes occurring during ablstion fsll into the following major
categories:
(a) Oxidation of solid surface
(b) Oxidation of released gas
(c) Molecular break-down of solid under aciicn of heat (pyrolysis)
In tyvpical ablation processes various combinations of the foregoing reactions
usually occur. Some examples are the following:
Quartz - The solid surface melts and is swept along by the air boundary
layer while the‘liquid vaporizes into the boundary layer.
Teflon - The supermolecule (polymer) breaks down in depth, releasing
monomer gas and the gas is oxidized at the surface by oxygen from the
boundary layer.
Graph:te - Oxygea diffuses inward through the bound iry layer to support
ccmbustion of carbon at the graphite surface.
Phenolic Resin - "he supericolecule breaks down in a high-temperature
surface layer. Gases are released leaving a porous carbon (char) layer.
The released gases react with oxygen which is diffusing inward through
the air boundary liayer.
In designing the computer program, attention was focused on the case of the
pyrolyzing ablator. It was assumed that volume-loss calculations would be
injtially restricted tc the case in which the expoced surface of the sblator

undergoes a pyrolyzing process equivalent to a subiimatico phasc-change. It was

Al
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anticipated that more complex ablation processes such as charring could be
accommodated at a later date. Meg:while, however, if surface combustion takes
place cr if chemi:al decomposition takes place in dapth, the sicuaticn is accom-
modated by assuming the chemical decomposirion processes to be concentrated at
the surface in the form of a sablimation phase-changc naving a known effective
heat of ablation and a knewn ablation surface temperature. As a result, the
computer program is realistically based on the avaiiability, in the literature,
of data on the effective heat of ablation and ablation surface temperature.

The numerical technique is based on the fsmiliar lumped-parameter approach
in forward-difference form and is programmed specifically for the IBM 7094 digital
computer. The program consists of a number of FPRTRAN and FAP subroutines which
ere called into action upon command of a FYRTRAN control program. The control
program is prepared by the user in accordance with the problem at hand. 1In a
broad sense, the program combines boundary-layer local heat transfer, ablation,
and radiation at the surface with multi-dimensional heat conduction beneath the
suiface of a body in non-steady high speed flight. The program accounts for the
effect of in-flight body contour changes on non-steady heat conduction but does
not account for the effect cof in-flight body contour changes on vehicle aero-
dynamics. Hence, addition of this feature is planned for sometime in the future.
Input data conslst of flight trajector; and flight-body détalls and, in parricular,
the ablation temperaturc and a modified form of the effective heat of ablatiom.

The report is divided into four different sections ranging in content from
engineering corsiderations to a solution of an actual ablation problem. Tue
organizational plan is as follows:

Scction 1. Problem Pormulation and Governing Equations. This section

covers the engineering methods employec.
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Section 2.

Section 3.

Section 4,

4,

Structuze of Progrum. This section covers the inputs, sub-
programs, ana information tlow.

The FORTRAN Control Program. This section descrices the content
of the principal FORTRAN statements and gives the program

nomenc lature.

Sample Problem. This section describes the detailed preparation
of the FPORTRAN statements on coding sheets, using a specific

example.

{comemmawey
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SECTION 1

PROUBLEM FORMULATION AND GOVERNING EQUATIONS

In this section, a typical problem in subliring ablation will be formulated
and discussed in order to bring out the 2ngineering techniques adopted. 1In the
section following this one the structure and processes of the computer program
itself will be described. “he present discussion of engineering techniques
culmirates in the formulation of a forward-difference nuwerical procedure. Along
the way, various inputs to this numerical procedure are intrcduced. These inputs
are reviewed in Section 2.

In general, the physical problem consists of a flight body whose surface is
subjected to aerodynamic heating while also exchanging thermal radiation with the
surroundings (i.e., "effective space"). Figure 1 shows schematic diagrams for a

typical problen.

(a) (&)

FPigure 1. Schematic Diagram of a Typical Ablation Problem

The center of interest in the overall model in Figure la is shown as g segment
of the boundary layer and wall in Figure lb. In order to determine local flow
cezditions (Figure 1b), the aerodynamic problem (Figur. la) must first be solved.

Completion of the aerodynamic phase of the calculations makes it possible to carry
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out the second phase which involves the determination of local heat and mass

transfer at the exposed surface. The second phase »f the calculations can be

carried out if the "present-time" local surface temperature has bern calculated

or the "present-time' abletion surface temperature “as been spezified on the

basis of published ablation data. The third phase of the problem solution makes

use of finite-difference equations and carries beat conduction in the wall from

"present time" to'future time" by taking a forward step in time.

The overall ablation problem is defined by setting forth body configuratiou,

iritial conditions, boundary conditions, and material preperties. Problem

definition for the region external to the wall surface invoives the following

items:
(1) Flight body configuration and local flow conditions
(2) Mach number and altitude versus time after launch
(3) Atmospheric properties versus altitude -
(4) Transition Reynolds nuuber -
(5) Radiation environment

Problem definition for the region at and bereath the wall surface involves the

following items.
(1) Wall materials, their arrangement and dimensicns -

(2) Wall materia: provmerties as functions of temperature: -
a. Thermal conductivity
b. Density
c. Specific “eat

d. Surface enissivity

..
.
\

(3) Additional properties for ablators as functions of (Haw' Hw)

a. The modified effective heazs of ablation -

b. Ablation suriace temperature
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(4) Ivitial wall temperature distribution

{5) Thermal boundzry conditions on internal surfaces of the vehicle
Under these conditions it can be shown that the wall surface remperature and
ablation rate are determined at every point in flight.

In the example of the flat plate at angle-of-attack (Figure la), computations
begin with the conversion of upstream flow conditions to the local conditicas of
the stream excternal to thz beundary laysr at the body station under siudy. Com-
pressible flow charts or air tables are used to determine pressure and Mach number
behind the shcek usires the perfect gas, the thermaily perfect gas, or the rcal
gas case zs sppropriate. Next, the energy equation is used to determine the lo:zal
temperature. At this stage the local pressure, temperature, and Mach number ac
the edge of the boundary layer are sufficient to determine the local heat transfer
if the present-time local wall surface temperatuze is known. Fortunately, the
latter is always known in a forwzrd-difference numerical methkod of solution.

This completes the determinmation of local flow conditions. One additional cal-

culation is needed to delermine the loeal Revnclds nuaber,

= CRePr {1)

C, m, and n are determined by the prescribed geometry and by the relative mag-
nitudes of the previously calculated local Reyncids number snd the prescribea
transition Reynolds number. During ablation, the effect of mass transfer on
convection heat transfer must be taken into account. This effect : provided for
later on in the formulation of the emergy equation for an ablating wall surface
element by introducing the transpiration factor BH' Fcr the present, the

enthalpy-baced heat transfer coetficienct is emploved in rhe 1elation
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9% - hH,o(Haw- Hw) 2)

to obtain the ordinary local rate of convective heat flow per unit srea to a
non-ablating wall.

The convective calculation procedure calls for determining air properties
by 3 modification of Eckert's (1) reference enthalpy (i.e., H*) method. The
modification involves the usc of numerical constants recommended by Rubesin

and Johnson (2) and Sommer and Short (3), respectively, as follows

R* = 0,58 H, + 0,62 (1 + 0.076 M) (Loainar) (3)
HY = 0.45 B, + 0.55 (1 + 0.064 M)  (Turbulent) )

A value of T* corresponding to H* is found from a polynomial based on well-

accepted air tables of H versus T at a constant pressure of one atmosphere. With

T* 50 determined, amn enthalpy-based heat-transfer coefficient is computed uzing
a rearranged form of the standard heat transfer reiation containing Pr = 0.72.

The relation is
hy = o™ % )™ @M 0.72)" (5)
Thé'Sutherland viscosity relation

/
* 43/2
=y z "

(6)

o % :
T" + 1c
provides the viscosity.

The adiabatic-wall enthalpy Haw of the boundary-layer air is computed by

using a recovery factor of 1,0, 0.85, or 0.9 for the stagnation point, the taminar

boundary layer, or the turbulent boundary layer respectively. Local convectivﬁ
(and non-ablative) heet transfer q, is then computed by cse of Equation (2) to

complete the convective phase of the calrulation,

-4 onu g povend

’
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Raciation from the wall surface to the prescribed radiation environment is

computed by means of the standard radiation equation basaed on a ' nit area of

surface
et 4
Qgg © 7 l"A.Fe: ‘1w Tspace) @)
Configuration, emissivity factors, and effective space temperature Tspace used

in this equation ave prescribed during the problem definition stage and the
present-time wall temperature is always known in the forward-difference method.
The variable-property conduction situation in the wall is handled by
employing a lumped-parameter equation of non-steady heat {low in more than one
dimension. A two-dimensional sketch of a typical lumped-parameter break-up of a
wall segment is shown in Figure 2. This view of a wall segment is an enlargement

of the segment shown earlier in Figure lb.

CXLCRW CROATIN

£ ' \// 2

Figure 2. A Two-Dimensional Break-up of a Wall Segment Showing Nodes

In the absence of ablation, convection heat transfer per unit area 9 arrives
at area Al of element 1 and 4radA1 departs. Additional hzat is transferred to
element 1 by conduction £rom other elements i through conductances kA/g, ko/L,

etc. which are called K The net heat transfer to element 1 is equal to

i1’
the thermal storage in a thermal capacitance (chh(s)), = Cl' Thus, if tempera-

tures of elements i at the present time t are denoted by 1'i and those at future
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time t ¥ At are denoted by 1:, a forward-difference equation can be written as

4 T; - T
94 * Z Ry 1Ty = T) - ap 48 = €6 37— ®)
f=2

To prevent temperature overshoot and subsejuent oscillations ir calculated
values, Dusinberre (4) shows that the prescribed time step At must be less than

a critical time step
Cl/Zi: K @)

where the Ki 1 include the respective equivalent conductances for convection
>

and radiation,

o 1 — (10)
aw,l 1
and
A
-—-——:"‘f S an)

1 Tspacp )

. tiue step siz~d by Dusinberre's criterion is called a stability time step.

When an element is nmot subjected to convection or radiation the corresponding
terms drop out of Bguations (8) and (9).

As the calculated temperature of eiement number 1 (Figure 2) moves toward
the ablation temperature of element number 1, overshooting and oscillation must
be avoided. It is assumed that the ablation temperature associated with the
prescribed material of the protective layer i..as been specified as a function of
heat-transfer ariving potentisl (Haw- Hw) or as a constant., Thus, ablation
chemistry is accounted for in the calculations empirica.ly, and the need for

specific temperature-dependent chemical relations is circumvented. With ablation




The Joha Hopeing Unived ity
ADPLIED PHYNICS LABORATERY 11,

Sitvir Sprip, Maryiond
temperature specified as a comstant or in terms of (Haw- Hw)’ it is known as
the caleculations meve ahead in flight time. Any overshooting of the ablation

+
temperature T8 1 by surface temperature T1 is prevented by wsking the time

b1,

step in equation (8) less than or equal to

(2]

abl,l (12)

o’ Moy T =g, 48]

-
g-)
2=
+
[~]=

P
U
N

in the calculation procedure this criterion is tested along with the stability
expression (9) and the smallest of the two time steps is selected. In practice
all elements are scanned, and the time step selected is the smallest for all
elements.

If surface element 1 is gblating, the ablation prccesses can be likened to
sublimation. Accordingly, the ordinary convective heat transfer toward area

Al is diminished by the equivalernt blocking action, éBH(H Hw 1) due to the
bl

aw,1”
mess blewing rate @, and tramsparation factor BH (see Appendix A). Hence %

in Equa’ ion (8) is replaced by

a -t By 0

(o]

D (13)

aW,l- Hw,

during ablation. The temperature-dependent ablation chemistry is represented,
in the sublimation model, by an enthalpy of sublimation H(sg) and a sublimation
. temperature Tabl’ If ablation occurs during a forward time step, the ablating
element is held at its present ablation temperature Tabl until the completion

of the time step. Therefore, during ablation the capacitance term of Equation

(8) is replaced by a term which accounts for the mas- decrease

avyaad ) (14)
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. .. +
Since in finite-difference form m = o,\Vl- Vl)/AIAt, Equation (8) becomes, upon

introduction or Equations (13) and (14) and rearrangement of terms,

4 +
4 v, v
QAL+ ), Ry (T Ty - q gy = By B - B RN (15)

Y

A

[
o

The term in square brackets is called the modified effective heat of ablation.

In Appendix A it is shown that

[¢] n Tw q
- =/ =2 .- . . _rad
H(sg)w + BH(Haw Hw) m J Lp(s)dT o (16)
T semi-
o infinite
test body

t is clear that there are at least two ways of obtaining the input data needed
to fill in the square bracket in Equatien (15). They are:
(1) Obtain H(sg) from the chemical literature and BH from the mass-transfer
literature, and evsluate the term directly.
(2) Obtain from the literature on ablation experiments the quantitics
needed to complete the semi-infinite test body expression in Equation (16).
During abla.ion calculations, the time step chosen for Equation (15) must
not be such that VT becomes negative, for this would mean moie element volume
wvas removed than was available at the begiuring of the time step. It follows

that the time-step must be less than or equal to

- i
(H(sg)w + BH(Haw Hw)"l Yy

17)

4
Gy ¥ Z KoafTym Ty) - a4
i=2

-
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In the final analysis, a time step is chosen after scanning all ablating surface

elements to check for the smallest time to ablate away, after scanning all non-

ablating surface elements tc check for the smallest time to reach shlation
temperature, and after scanning all elewents to check for the smallest stability
time step. The smallest time step dictated by all three criteria must not be
exceeded by e given step forward in time.

Figure 2 shows an intermediate stage of ablation. Elements are assumed to
be proportioned so that ablation of a given element occurs in one dimensica.
As a consequence of the effect of volume change on the cross-sectional area arnd
path-length of conduction paths betwecn nodes, adjustments must be made in the
K-values of Equations (8), (9), (12), (15), and (17). With reference to Figure 3,

the thermal conductance between nodes i and 1 is defined by tne relation

1 1 1 1
= X + + (18)

i,1 i,i1 *1 Ko

where the subscript il denotes the real or imaginery interface between elements

1 and 1. A typical conductance term is defined by the relation

K, ..=x i 19)

where a; is the area normal to the flow or heat in the x-direction. According

to Pigure 3, a, must be continually reduced by a factor V:/Vi in order to account

i

for ablation. Also, must be continually reduced by the same ratio to

s 43

account for the movement of node i toward incerface i3. By means of these

adjustments, the K
i,1

reflect the current status of conduction geometry.

in Equations (8), (9), (i5), and (17) are modified to




The Johrs huphing Unbvarsity A
APPLIED PHYOMS LABORATV MY 14.
Sihvir Spring, Marviand

']
in 4—1
>

Figure 3. Surface Element Shrinkage Due to Ablation

With regard to the earlier determination of the local ccnvective heat
transfer coefficient hH,o it can now be seen that by taking a forward step in
time the calculation always has available for use the local wall surface
tenperature at the present time. Thus, the reference temperature T* (see
Equations (3) and (4)) is computed for conditions at the present time and in the
same way, material properties are read from tables of properties by entering
the tables at point temperatures corresponding to the present time, Lastly, ia
the forward difference method, the rate of heat flow to any node {see Equations
(8) and (15)) is ajways based on temperatures at the present time. The method
therefore avoids the iteration involved in a formulation calling for heat

conduction, convection, radiation or propecty inputs corresponding to temperature

conditions at the end of the time step under consideration.
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SECTION 2

STRUCTURE OF PRUGRAM

The basic ablation computer progrz.a contains, in effect, a set of
evailable therwal capacitors and conductors corresponding to capacitances C
and conductances K of the previous section. These are connected by the user
who, in writing a »ontrol program, brings into play the lumped-parameter
equations described in the previous section, Convective, conductive, and/or
radiative heating rates are computed for each cgpacitor in accordance with
these equations. Each thermal capacitance is computed from the size and thermal
properties supplied as inputs, Prior to the onset of ablation, the program
computes transient temperatures, based on the current net heating rate and
thermal capacitance, by taking a forward step in time. As already pointed out,
the program sizes the time step so as not to allow che temperature of any
capacitor to overshoot and cause oscillations in s..sequent finite difference
caiculations and so as not to allow the temperature of any surfgec clement (o
exceed its ablation temperature. The ablation temperaturz for each material
is an input specified as a function of the difference between the adiabatic
wall and wall erthalpies of air. When an element reaches its ablation ‘emperature
its temperature is thereafter determined by the local difference between the
adiabatic wall and wall enthalpies of air. 1If the heat input to an ablating
element becomes negative the element temperature is again computed from the
relation between net heat input and capacita.ce. While ablation is in progress
the time step is sized to prevent the calculated volume decrease of the elerent
from overshooting the element volume avsilable. Also provision is made to
vary the resistances between rapecitors (i.e., elesments in accordance with the
decrease in surface capacitor volumes due to sblatiovn and to discard capacitors which

have ablated sway. ‘ontained in the printout of the program are the free stream
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aerodynamic conditions, the local flow conditions including the local heat
trensfer coefficient and adiabatic wall temperature, the capacitor tewperatures
and temperatures at the interface between the capacitors, the thickncss of
remaining ablator, the modified effective heat of ablation, and the ablation
temperature.

The ablation program has been constructed in two distinct sections; a
group of binary subroutines and a F@RTRAN control program. The binary subroutine
deck contains, in effect, the reservoir of capacitors and resistors mentioned
earlier. It also contains the lumped-parameter equations necessary to compute
the various modes of heat transfer, tne equations to compute capacitor tempera-
tures, and equations which give it tne ability to sjize the time step according
to the three time-step criteria. The geometry being analyzed is taken into
account by the user who will be calied the F@RTRAN control program writer. fThe
F@RTRAN coatrol program writer, in offect, assembles a network from
the reservoir of capacitors and conductors by designating specific index numbers
in the calling sequence of the appropriate binary subroutines. By calling other
routines he sets initial conditions and provides for compuration of heating rates
as functions of time, computation of transient temperatures and ablation rates,
and computation of properly sized time steps. This feature of being able to
construct a problem in the course of calling various subroutines gives the pro-
gram a great deal of flexibilirty.

The FORTRAN control program supplies the input data needed by the subrcutines
to mgke the required calculations. These input data are entered into the orogram
via a OBMMON statement or through the calling sequence (arguments) of the sub-
routine CALL statements. Furthermore, a detailed break-down of certain of these

iaput data is given in tabular statemente.
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Specifically, the F@RTRAN control program consists of the following parts:
I. & DIMENSI@N statement
II. A OPMM@N statement
III. A scries of tabular statements
IV. A series of CALL statements
As usual the Part I DIMENSI@N statement sets aside the appropriate number of
tabular spaces in the computer and the Part II OPMM@N statement provides the
appropriate number of spaces through which, in effect, certain variables can
pass from one subroutine to another. A small, but not negligible, amount of
information on problem geometry enters the CPMMBN statement. By contrast, the
tabular statements of Part III deal almost wholly with details of the problem
at hand. Tabular statcments must include the following:
1. Mach number versus time
2. Altitude versus time
3. Ambient temperature and pressure versus altitude
4. local aerodynamic flow conditions (M/Mo versus M.o and P/Po
' 2rsus Mo)
5. The éffective space temperature versus altitude
6. The eunissivity of external surfaces versus temperature
7. A series of coefticients and exponents concernad with the
aerodynamic heating equations, plus a transition Reynolds number
8. The initial volumes of all potential ablating capacitors
9. An ablaticn sequence prescribing the order of capzacitor ablation
10. The material density, specific heat, 2d conductivity as a

function of temperature
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11. The ablation temperature versus air-enthalpy difference
12. The mndified effective heat of ablation versus air-enthalpy
difference

13. The capacitor numbers of all initial surface elements

In supplying the feregoing tabular information in numerical form the FORTRAN
control program writer must assign a variable name to each type of entry and
identify. by subscripting, each individual numericszl entry. With the exception
of items 8 and 9, Part III tabular informacion is transferred to subroutines via
the Part IV calling sequences (arguments) of the subroutine CALL statements.
This transfer is made possible when the program writer enters tabular variable
names in designated positions within the argument cf£ the CALL statements. Items
8 and 9 are entered into the OJMM@N statement and thereby become directly avail-
able to the subroutines. In writing the CALL statements of Part IV, the FPRTRAN
control program writer draws on a reservoir of capacitors and conductors and
assembles them into a network. This step is describe.’ in more detail in the next
paragraph.
Problem in>uts not covered by items 1 to 13 above, are introduced into the

CALL statement arguments along with the tabular variables. They appear in the
argument as numerical values, unlike the tabular variagbles which appear as varia-
ble names. The numerical inputs in question are:

1. Index numbers of capacitors

2. 1Initial capacitor temperatures

3. Exposed surface area of capacitor and its Reynolds number refcr-

ence length

4. Capacitor volume

-~
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5. Original area-to-length ratio for resistors and contact resistance
values

6. Radiation configuration factors
It is important to note again that the flaxibility of the program exists in the
reservoir of cipacitors and conductors whose index numbers can be called according
to the requirements of the geometry of the problem under study. Experience
teaches one how best to divide a given heat-transfer model into the elements
that ultimately become the capacitors and conductors of the computer program.

Under Part IV of the FORTRAN control program twelve main subroutines in the

binary subroutine deck can be called. They are entitled:

1. ASET 7. OON

2. TRAJ 8. ACBMCN

3. AM 9. RAD

4. FORALT 10. WRITE |
5. AAER@ 11. ASTEP '
6. ACAP 12. amL

For some of these subroutines, the order in which the writer of the F@RTRAN !
control program calls them is critical; for others it is not. To avoid errors,
it is suggested chat the subroutines be called in the order given above in all
ceses. Even when one is well versed in rhe use of the program he will find no
particular advantage in changing the order of the CALL statements from that
given above. A discussion follows which is intended t¢o provide a brief view of
the structure and operation of each st “routiue and the overall operation of the
program.
The ASET subroutine is a FAP subrouzine which cect: the initiel temperature

of eacn capacitor and defines the beginiing and cad of f.ight time. These
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settings are chosen by the FPRTRAN control program writer and entered into the
argument of tl: CALL ASET statement.

Subroutine TRAJ is essentially a table look-up F@RTIAN ruutine which
requires as inputs, through its argument, thie variable names previously assigned
by the control program writer in preparing the tables of Mach number and altitude
versus time. The function bf TRAJ fs o quadretically interpolate in.the - tables
using the current valve of time to obtain the current Mach number and altitude.
These twe items leave the subroutine via the CPMM@N statement and thus become
available for later use by the ATM, AAER@, F@RALT, and WRITE subroutines.

The FORTRAN subroutine ATM is also a table look-up routine, The control
program writer must place the variable names assigned in the tables of static
temperature, pressure, and altitude in” the argument of ATM when calling
the routine. ATM linearly interpolates in the tables using the current altitude,
supplied by TRAJ, to obtain the current atmospheric temperature and pressure Po'
Both items are then supplied to AAEK® and WRITE through COMMON.

FPRALT is a FORTRAN subroutinc %hose funcrion 1s to quadratically interpolate
in the table of effective space temperature versus altitude (using the altitude
supplied by TRAJ) tc obtain the current space temperature. The routine then
assigns this temperature to a particular space node. When calling the routine,
the control program writer must include in the argument of the CALL statement,
the node index number he desires to represent space and the previously assigned
variable names for the effective space temperature and altitude. The space
temperature is supplied to RAD and WRITE through a COMMON statement.

The AAFR® subroutine is a FAP subroutine. Its primary function is to
compute the aerodynamic hearing. In order to accomplisn this, the AAER@ FAP

routine is broken into two PPRTRAN subroutines, AERPA and AAER@B. The control
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progrem writer calls AAER@ which then autcmatically calls AER@A and AAER@B.
The AER@A portion of the AAER@ routine computes an adiabatic wall temperature
and an "effective" heat transfer coefficient which excludes a majox length
dimension termed the reference length. Information needed by AERGA is supplied
either through a CPMM@N statement from other subroutines or by the control pro-
gram writer by properly satisfying the argument when calling the routine. The
control program writer must enter in the calling sequence of AAER® the variable
names previously assigned in preparation of:

a. The table giving the transition Reynolds number plus coefficients

and exponents needed in the aerodynamic heating equations
b. The two tables giving the local flow conditions, M/Mo, etc.
c. The two tables giving the modified effective heat of ablation
and ablation temperature versus enthalpy difference
Also there must be included a series of values for the index number, surface area,
and reference length of all those surface capacitors subjected to the aerodynamic
flow conditions listed in the calling sequence.
Briefly, ‘he AER@A subroutine operates in the following manner. The ratios

of local Mach number to free stream Mach number (M/Mo) and local pressure to
free stream pressure (P/Po) as a function of free stream Mach number are obt'ained
through the argument from the list of tables in the control program. The free
stream Mach number M computed by TRAJ, is obtained from CPMMPN and a quadratic
interpolation is used to obtain the current values of H/Mo and P/Po. The local
Mach number and pressurz are obtained by multiplying these ratios by Mo and Po
respectively, where the value of Po is obtained frorm ATM through COMM@N. Next,
flight and local Mach numbers are used in an energy edquation to convert the

temperature ahead of the vehicle to the local temperature of the flow external to
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the boundary layer. A local Reynolds number is then computed based on the local
temperature, local pressure, local Mach number, and the first reference length
given in the AAER@ calling sequence. This Reynolds number is compaied with a
transition Reynolds number supplied in the list of tables in the control program
to determine whether subsequent calculations should be for a laminar or turbulent
boundary layer. This Reynolds number is not used, however, to compute the heat
transfer coefficient. Instead, a reference cuthalpy and adiabatic wall enthalpy
are computed. These enthalpies are cowverted to temperatures by means of a
polynomial which has been fittad to conventional temperature-enthalpy data for
air at standard atmospheric pressure. The adiabatic wall temperature is placed
in CAMM@N. Air properties are then evaluared at the reference temperature, and
subsequently combined with the local pressure, local velocity, and coefficients
and exponents given in the table listings in the control program, to obtain an
"effective'" local heat transfer coefficient. Again, the word "effective" is uged
to indicate that a reference length has not yet been included in the computations.
This completes the AERPA calculatiaons and the program automatically proceeds to
JAAFR@B.

The primary function of AAER@B is to compute the aerodynamic heating rate to
each capacitor listed in the calling seguence of AAER@. In order to do this it
applies the effective local heat transfer coefficient to each capacitor after
obtaining reference lengths from the AAER@ calling sequence, thereby computing a
different local heat transfer coefficient for each capacitor. Next, the capacitor
"surface area" is obtainzd from tl = AAER® catling sequence, the local adiakitic
wall temperature is obtained from AER@A through COMM@N, and the capacitor "surface
temperature' is obtained from ASTEP through CPMM@N from the previous tiwe. AAER@B
then has all the information needed to compute the heating rate to each capacitor.

Thie heating rate is then placed in CSMMON.
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A secondary function of AAER@B is to determine the current value of the
ablation ten.erature, TABL, and modified effective heat of ablation, HEFF. In
order to do this, 1t obtains the current value of the eathalpy :ifference,

Haw‘ Hw from AER@A and uses this current value to quadratically interpelate in
the tables of HEFF and TABL versus Haw- Hw' Ae rreviously mentioned, the vari-
able names assigned to these tables must be written into the AAER® calling sequence.

The function of the FARTRAN subroutine ACAP is to compute the thermal capa-
citance of cach capacitor. Tabular values of material! density and specific heat
are given in the control program as functions of temperature and are entered into
the routine by listing the variable rames of the tables in the calling sequence.
Also, the capacitor volume is entered. The routine determines the current density
and specific heat by quadratic interpolation in the tables, using the capacitor
temperature obtained through OPMMON from the previous time. The density and
specific heat are multiplied by the capacitor volume to obtain the thermal capa-
citance which is then placed in CMM@ One call of subroutine ACAP handles only
one capacitor. Therefore, the control program must call ACAP as many times as
there are number of capacitors. It is worth noting that by repeatedly calling
index numbers in the ACAP subroutine, the F@RTUAN control program writer draws
on a reservoir of capacitors and, in essence, defines a sect ¢f nodes.

PPRTRAN subroutine OPN is one of the two routines in the pri3ram which computes

the thermal condvctance between nodes and the subsequent conductive heating rate

LR e B Ve nes S

between nodes. By introducing appropriate pairs of capacitor index numbers into

FEr——

the calling sequence of the CBN routine the control program writec draws upon a
reservoir of conductors and assembles a node network into a conductor-capacitor
configuration approximating the thermal model. iz s hroutine can be called

repeatedly to join together two nodes of non-ablating materials. When CgN is
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called, the control program writer 1lists in the calling sequence the two
capacitor numbers being joined, the ratic of area to length bstween nodes, and
the variable names previously assigned in preparing *he tables of thermgl con-
ductivity versus temperature. The routine takes this information, refers to
OIMMON {or the node temperatures at the end of the previous time step, and
computes the heating rate. This heating rate is then added algebraically to
the heating rate {if any) previously computed by AAER@#. At this stage, there-
fore, the heating rate stored in OPMMBN includes both aerodynamic and conductive
heating rates on capacitors designated by the program writer. Optionally, the
program writer may have conduction heat transfer computed by subroutine ACPMCN
as described in the next paragraph.

The FORTRAN subroutine ACPMCN is a routine which computes the thermal
resistance between ablative as well as non-ablative capacitors. To obtain the
overall thermal resistance between two nodes, three separate resistances are
computed; one from the center of one node to the interface, a second across the
interface, and a third from the interface to the center of the second node. This
feature makes . OPMCN handy to use in cases where either the material conduction
area changes at the interface or it is desired to account for interface resistance.
ACPMCN also computes temperatures on each side of the interface and feeds this
information through OPMMON to the WRITE subroutine. (It should be noted here
that all other temperatures are computed by the ASTEP subroutine.) When calling
ACPMCN, the F@RTRAN control prcgram writer must list the following items in the
calling sequence:

a. The index numbers of the two capacituvrs being joined
b. The area to length ratio from the first mnde to the interface

c. The area of the interface
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d. The area to length ratio from the interface tc the second node
e. T.e variable nawe previously assigned to the tables of thermal
conductivity versus temperature for the material.renxesented by
the first node
f. The variable name: previously assigned to the tables of thermsl
consluctence versus temperature of the interface
g. The variable name previously assigned to the tables of thermal
conductivity versus temperature for the material represented by
the second node
Prior to any computations of heating rate or interface temperature, ACPMCN first
examines a counter (which is set in the ABL routine) to determine whether either
of the two capacitors being joined is ablating. If neither capacitor is ablating,
the subroutine computes the interface temperature and heating rate to both
capacitors. For this purpose the subroutine obtains the area to length ratios
and interface area directly from the calling sequence, the thermal conductivities
from the calling sequence, and present capacitor temperatures from COHMPN. The
interface temperature is then computed and placed in OJMMBN. The new increment of
heating rate for each of the two indices being joined is added algebraically to
the amount already in CPMMPN. However, if after the counter is eramined, one cr
both of the capacitors are found to be ablating, either an area or length between
nodes must be adjusted to account for the effect of decreasing element volume.
Since each ablation sequence in the control program lists capacitor node index
numbers in a column sequence starting at the surface and extending into the
ablator, the sequence is examined by the routine to see if both capacitor index
numbers appear in a given sequence. 1f they do, the fv.. capacitors must lie

above one another. If only one¢ is found in a given abiation sequence, it follows
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that the two capacitors are beside each other. Once the routine has determined
the relative location of the capacitors, either the original area or original
length is decreased by a factor equal to the ratio of current capacitor volume
(obtained from the ABL routine through OPMM@N) to original volume (obtained from
a table in the control program through COMMON). Once the area to length ratios
have been adjusted, the subroutine proceeds in a fashion identical to the non-
ablating case.

FORTRAN subroutine RAD computes the radiation heat transfer rate between the
capacitor numbers listed in its calling sequence. The roucine obtains the sur-
face or_.a direccly from the calling sequence and obtains the surface emissivity
from the emissivity-temperature table supplied in the control program whose
variable name is also listed in the calling sequence. The wall temperature from
the end of the previous time step is used to quadratically interpolate in the
table and obtain the current emissivity. The emissivity and wall cemperature are
combined with the effective space temperature obtained from F@RALT through COMMON,
to calculate tha radiative heating rate on the surface element in question. The
net heating rate for each capacitor surface element is then obtained from CEMM@N,
altered by the amount of the radiative heating rate, and replaced in COMM@N.

The sole function of rhe FAP routine WRITE is to handle the printout of the
data. The WRITE subroutine itself calls a P@RTRAN routine entitled PRNTA. FPRNTA
contains a predetermined printout format which is executed at the flight times
specified by the control program writer in the calling sequence of WRITE. At
each of the specified flight times, WRITE will print out the following iteus:

1. Flight time, altitude, free stream Mach number, frea stream pressure,

and free stream temperature
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2. Capacitor temperatures (if they have changed from the initial values

specificd in the argument of the CALL ASET statement)

3. Contact (interface) ‘erperatures

4., Llocal flow conditions; Mach number, pressure, temperature, Reynolds

number , adiabatic wall temperature, and the "effectiva' heat transfer
coefficient

5. The index number of the capacitor nearest to its ablation temperature

and the time needed for it to reach ablation temperature

6. The index number of the capacitor nearest to being completely ablated

away and the time to complete ablation

7. The stability time step and the capacitor unimber associated with it

8. The capacitor number, current volume, modified effective heat of

ablation, and ablation temperature for all capacitors currently ablating
In addition™fo printing out these items at the times called for in the calling
sequence, the program will print ovt any time a capacitor either reaches its
ablation temperature or completely ablates away. when ablation ie interrupted by
a negative heating rate, or when ablation is resumed following a return to a
positive heating r-ute. Such printouts are triggered by a code supplied by the ABL
routine.

The function of FPRTRAN subrcutine ASTEP is to properly size the time step
ané compute new capacitor temperatures. All the information needad by ASTEP to
perform calculations is obtained from other routines. It has no calling
sequence. ASTEP determines three different ‘ime steps:

(a). The miuimum of the times needed by each surface capacitor to reach

its ablation temperature. See expressinr {12) !
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(b). The minimum of the times needed by each surface capacitor to reach
complet> ablation. See expression (17)
(c). The stability time step needed to prevent oscillation: in subsequent
finite difference calculations. See expressic (9)

ASTEP chooses the minimum of (a), (b), and (c) tc step ahead in time. Time step
(a) is computed using the capacitance supplied by ACAP, the ablation temperature
supplied by AAER@B, the wall temperature from the previous time, and the net
heating rate computed by AAER@®, ACSMCN, CON, ard RAD. Time step (b) is computed
using the density from ACAP, the current volume from ABL, the modified effective
heat of ablation from AAER@B, and the net heating rate from AAER®, AOPMCN, CON,
and RAD. Time step (c) is computed from the capacitance supplied by ACAP and the
cumulative thermal resista;;es comouted in AAER@B, CON, AOPMCY, and RAD. Follow-
ing selection of thc minimum time step, the routine computes new temperatures
based on the previous temperature of the capacitor, the net heating rate, the
thermal capacitance, and the minimum time step.

The last rouiine is ABL, a FAP routine which calls the F@RTRAN routine ABLL.
The function of ABLl is to compute the current volume of ablating capacitors and
discard those capacitors which have completely ablated away. It also sets a
counter so other subroutines will know whether or not a par icular capacitor is
currently ablating or is‘completely ablated away. Finally, » <~hanges the surface
capacitor when an element completely ablates away sc th., convect.... (AAER®) and
radiation (RAD) will be applied to the newly exposed capacitor. When calling
the subroutine, the writer must include in the calling sequence the variable
names assigned to the numbers of the initial surface capacitors. These variable

nagmes and associated capacitor numbers must have bee.: } ~eviously defined in the
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control program. All other information needed by ABL is obtained through CSMM@N.
The future volume is computed using the present volume, the net heating rate,

the minimum time step, the density, and the modified effective hcat of ablation.
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SECTION 3
THE F@RIPAN CONTROL PROGRAM

The preceding discussion of the cowputer program has laid the groundwork
for giving specific instructions to the user, This section identifies the
FPRIRAN control piogram statements and gives the nomenclature. As noted in
the previous secvion, the FPRTRAN control program consists of;

I. DIMENSIGN statements
II. A CPMMPN statement
III. A series or tabular statements
IV. A series of CALL statements
These statements have the following form and conposition:
I. DIMENSI@N Statements
DIMENSI@N F1(I), F1V(J), F2(K),......
F1(I) - dependent variabie table F1l, I spaces needed
F1V(J) - independent variable table F1V. J spaces neaded
F2(K) - dependent variable table F2, K spaces needed
F2V(L) - independent variable table F2V, L spaces needed
S1(K) - etc.

S1V(X)

1

etc.

etc.

It should be emphasized that these variable names are to be devised by

the control program writer. Floating point names are i~ be used.
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DIMENSIPN 1ASEQ(500), V(1000), DUM{4407), IAB(500), V@ (1000), DAMN(4002)

TASQ(500) - ablation sequence , 500 spaces available

v(1000) - volume of capacitors, 1000 spaces avariab'z

DUM(4407) - 4407 dummy spaces

IAB(5U0) - ablation “on-off" index, 500 spaces available

V@(1000) - initial volume of potential ablation elements, 1000
spaces available

DAMN(4002) - 4002 dummy spaces

OPMMIN Statements

COMMON T, Q
T
Q
DUM
IAE
TASEY
ve
DAMN

3

DUM, IAB, IASEQ, V¢ DAMN

capacitor temperature

accumulated heating rate being applied to cepacitor
dummy

defined in part 1

defined ia part 1

defined in pare I

dummy

Tabular Statements

F1(1) = a

F1(2) = b

Fl(n) = k

Fiv(l) = n

a 1s the first value of the dependent variazble in a talle
named F1
b is the second value of the dependent variable in a table

named F1

n is the total number of items iz la“le F1
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F1v(2) = &' a' is the value of the independent varjable corresponding
te the dependent variable F1(1l)
It should be noted again that these variable names are to be devised by the
control program writer.
IV, CALL Statements
1. CALLASET(START, ST@P, TEMPIN, I, INDEX1, Tl...INDEXI, T(I))
START - time at beginning of computations

ST@P - time at end of computations

TEMPIN - temperature at which certain capacitors are to be initialized

I - number of capacitors not desired to be initialized at

TEMPIN

INDEXI - capacitor numbers whose initial temperature is not desired

to be TEMPIN
T(I) - initial temperature of INDEXI
2. CALLIRAJ (FUFXM,XM,FOFXA,XA)
FOTXM - variable name given to free stream Mach number table
M - variable name given to corresponding flight time table
PPFXA - varishble name given to altitude table
XA - variable name given to corresponding flight time table
(The variable names are actually to be entered in the form devised

in setting up each table in part III.)
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3. CALLATM (F@FXT9,XT9,FEFXPY,XPQ)
TUFXTY - variable name given tc ambient temperature table
XT¢ - variable name given to corresponding al*ituuie table
FPFXP$ - variable name given to embient pressure table
XPg - varisbl: name given to corresponding altitude table
4. CALLF@RALT (INDEX, F@FX, X)
INDEX - number of the capacitor designated to represent space
FOFX - variable name given to rpace temperature tsble (i.e., the
table gives the schedule of temperatures to be assigned
to INDEX)
X - variable name assigned to altitude table corresponding
to FPFX
5. CALLAAER@(ID,I,FLPNGS »FLFXLM,XLM,F¢FXLP ,XLP ,ABLT ,HDIF1 ,HEFF ,HDIF2 ,
INDEX 1, GE@MA1, PPSMAL,........INDEXI, GE@MSI, PESNOI)

; D - aercdynamic block number (a block being a group of surface

i flow conditions)

I - number of surface.capacitors in the block

FLOMSS - variable name given to the table specifying the transition
Reynolds number and the coefficients and exponents needed
to compute the local heat transfer coefficient

FOFXIM - variable name given to the table of the local-to-free-stresm
Mach number ratios

XIM - variable name given to correspording free stream Mach number

table
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F@FXLP

XLp

ABLT

HDIF1

HEFF

HDIF2

INDEX1
GEONG1
PASM1
INDEXI
GEPNSI
P¢ NPT

34,

variable name given to the table of local-to-free-stream
static prassure ratios

variable name given to corresponding free stream Mach
number table

variable name given to the ablation temperature table
variable name given to corresponding air-enthalpy
difference table (HAW - HW)

variable name given to the modified effective heat of

ablation table

variable name given to corresponding air-enthalpy difference

table

capacitor number of the first capacitor in the block
surface area of first capacitor

reference length of first capacitor

capacitor number of the last capacitor in the block
surface area of last capacitor

reference length of the last capacitor

6. CALLACAP (INDEX.GE@MJ,R,XR,CP,XCP)

INDEX
GEZND

R

ACP

capacitor number

capacitor volume

variable name given to the table listing the density

of the capacitor material

variable name ziven to the corresponding temperature table
variable name given to the table listing the specific

heat of the capacitor material

variable name given to correcpondirg tewperature table
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7. CALLCYN(INDEX1, INDEX2, GE@GMS, FOFX, X)

ILOEX1, INDEX2 - identifying numbers of the two capacitors

eammrd

being joined
GEPNp - the cres to length rat:io between the two capacitors
FPFx - the variable name assigned to the table giving the thermal
conductivity of the material
X - the variable name given to the corresponding temperature table
8. CALLACPMCN(INDEX1, INDEX2, GZ@N@l, GEGMP2, GEGN@3, F@FX1, X1,
! F@FX2, X2, FPFX3, X3)
INDEX1, INDEX2 - identifying numbers of the two capacitors
being joined
} GEPNPL - the ratio of area to length between the node of INDEX1
and the interface
g GEPNG2 - the area of the interface

. GEPNE3 - the ratio of area to length between the interface and the

! node of INDEX2
i F@FX1 - variable name given to the table listing the thermal

conductivity of the material represented by INDEX1
! X1 - variable name of the table listing the corresponding

temperature

o

FPFX2 - the variable name given to the table listing the interface

conductance

Loma nanee

X2 - variable name of the corresponding temperature table

FPFX3 - variable name given to the table listing the thermal

)

conductivity of the material rzr.e¢-ented by INDEX2

1 X3 - variable name of the corresponding cemperature table
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9. CaLLRAD{INLEX1, INDEX2, GEGMJ, FOFX, X)
INDEX!, IMDEX2 - identifying numbers of the two capacitors which
exchange heat by radiation
GEGW - eurface area
FYFX - variable name given to the table listing the surface
emissivity
X - variable name given to the table listing the corresponding
temperature
10. CALLWRITE (N, TIME1, TIME2,.......,..TIMEN)
N - number of times at which printout is desired
TIMEl,.....TIMEN - specific times at which printout is desired
11. CALLASTEP
This subroutine requires no calling sequence.
12. CALLABL (INDEX1, INDEX2,....YNDEXN)
INDEX1, INDEX2,....INDEXN - variable names assigned in control

program to each initial surface element
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SECTION 4

AL SR

fAMrLE PROBLEM

From the foregoing discussions of the program siructure and subroutine
arguments, the reader should now have a general idea of how toc construct a
FERTRAN control program to obtain solutions to subliming ablation problems.
However, in order to overcome the difficulties inhereut in the word descrip-
tion of any computer program, a samnrle problem will now be solved to demonstrate
precisely the use of the computer program.

Pictured in Figure 4 {s a sketch of the area to be analyzed. The area
encompasses the juncture between a thin skin and a thick ring both of which
are protected by .25 inch thick Teflon ablator material. It is desired to find
the transient temperatures and ablation rates in the ablator and the transient
temperatures in the steel understructure for a Mach 5 low altitude flight, The
FORTRAN coding needed to construct the main control program will be described in
detail and, in fact, the coding sheets themselves are included in this sectiou.
No attempt will be made to discuss or justify the values chosen fcr various
parameters (trangition Reynolds number, ablation temperature, etc.) since the sole
purpose of this sample problem is to provide imstruction in use of the program.

It is usual practice to divide the area to be analyzed into a network of
thermal capacitors before the coding of the FPRTPAN sheets begins. Previous
experience in geometry make-up is quite helpful in order to make a good selection
of element size. Naturally, for the utmost aiccuracy the smaller the element size
the better. However, since the running time on the computer is increased with
decreasing elesént size, 2 compromise between accurscv and cost must many times

be made. It is sometimes true that the increase:c accur-cy due to a smaller
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break-up of the geometry is not measurable. It is in cases such as this that
experience is helpful in determining the best element size. The geometry break-
up chosen for the sample problem is shown in Figure 5. With the bresk-up as
shown, the solution to this sample problem required 2.5 minutes of IBM 7094
computer time. Had the break-up been twice as fine as that shown, the running
time on the computer would not have increased appreciably since most of the
computer time was used in convérting the FIRTRAN control program to machine
language and not in computation, In subdividing the solid, it is generally
advisable to hand-calculate a typical gtability time step to be sure that the
smallest remains greater than 0.05 second. Experience shows that time steps
less than 0.05 second can cause excessive consumption of computer time., Once
the element sizes have been chosen, é number must be assigned to each element
and the volumes of each element and the area-to~length ratios between adjacent
elements must be computed. These are then put aside to be included later in the
argument of the CALTACAP, CALLACPMCN, and CALLCSN statements. A detailed dis-
cusgicn of the coding sheets now follows. The list of units.which must be

sed with the i puts is given in Table I (Page 52).

The JPB card appearing on Page 1 ¢F the coding sheets is an I.D. card whose
form is peculiar to APL. O:her svsterms may require other I.D. cards and this
one 1s shown only for 1llustrative purpose;. The XEQ card, however, is a control
card and must appear at the head of any FORTRAN program. The SAMPLE ABLATION
PROBLEM card is a comment card which is not processed by the machine and is used

only to clarify the coding. Comment cards will be used 1liberally thrcughor+ the

program. The first of the two DIMENSI@N scatements describes the var!ables listed

in each particular program. Although this appears at thz hzad of the program, it

18 usually not completed until the rest of the program has been written and the
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names and number of spaces needed for 2ach variable gre known. The second
DIMENSi@N statement must appear in every job in exactly the form as shown on
the first coding sheet. Likewise, the CPMMPN statement must appea: in every
job exactly as shown on the coding sheet. Since the second DIMENSI@N and the
OIMMPN statements are never to be changed, they may be placed on file and need
not be re-coded for each job.

The actual coding of the tabular input begins on the second coding sheet,
Here the Mach number versus time is given under the assigned variable names F1l
and F1V, There are two thirgs to rote in this tgble which are true for each
and every set of dependent-indepsndent variable tables written in the control
program. PFirst, the first number in the independent variable list (F1V) must be
the number of items in the dependent variable (F1) table. This number i3 needed
by the routine which makes the quadratic interpolations in the table. The second
item to be noted is how the points describing the Mach number history are specified.
In this particular case, a linear variation of Mach number for 5 seconds up to a
Mach number of 5 is to be programmed. After 5 seconds, a constant Mach number of
5 is desired. Any.time such a sharp break occurs, it is imperative that a
number of points extremely close together be specified in the area of this break.
This is necessary because quadratic interpolation is automatically ised between
points given in the table. If enough points are not given in regions where there
is a sudden change in the slope of the curves, completely erroneous interpolated
results can be obtained. On the third coding sheet, the altitude table (B2) is
given. No new correspcnding time table is needed since the altitude values were
made to coincide with the time table (F1V) given with the Mach number. Thus, later
the F1V table will be used with both Fl and F2 in the acrgument of the CALLTRAJ

etatement.
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Fcllowing the trajectory data the ambient atmospheric conditions are listed.

The temperatui. and pressure are speclfied as a function of altitude. Iwte once
again that the coding effort is reduced by making one altitude tsblec serve both
the temperature and pressure tables.

Following tine ambient pressure table, the loegl flow conditions (M/Mo and
P/Po) are gpecified &s a function of free stream Mach number. It might be noted
here that unless otherwise stated, the variable names assigned to any of the
tables which have beer discussed are quite arbitrary as long a3 floating point

names (any beginning with letters other than I, J, K, L, M, and N) are used.

For example, the Mach number ratio table F5 could equally well be called S5, F27,

or T7.

Following the local pressure ratio table, the effective space temperature
versus altitude is listed in tabular form in an identical fashion to the other
tables discussed. On Page 6 of the coding sheets, the emissivity of external
surfaces is given. In this case it was desired that a constant value of .8 be
used rather than a temperature-dependent set of values. Note that since this
quantity is a single non-subscripted constant it ne.d not bec listed in the
DIMENSI@N statement.

The table listing the flow numbers for the aerodynamic heating equations
follows next and is the only table which is the same length for every problem.
There are invariably six entries in the table and each of these entries has a
particular meaning, The first entry must list the transition Reynolds number.
The second and third entries give the exponent on the Reynolds number in the
Nusselt relation. It should be pointed out that, within the routirne, the
exponent on the Prandtl number is fixed at 1/3. The £,0-th and fifth flow

numbers give the coefficients cf the Nusselt number relation for laminar and
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turbulent flow respectively. The vaiues assigned to the second through fifth
flow numbers in the sample problem apply to the case of the flat plate. The
sixth flow number is set equal to 1l if stagaation point heat transfer is to be
computed. At all other times, the sixth flow number must be set equal to zero.

The next table lists the initial volumes of all the potentially ablating
capacitors. The variable name used in this list is not arbitrary but must
always be V@. In similar fashion, the sequence of ablating capacitors in che
following tahle must always have IASEQ as its variable name. The first item in
this list must specify the number of "columns" of ablating capacitors. For the
sample problem this number is 2 (see Figure 5). The second item in the list must
specify a number of capacitors in the first column (i.e., 11). Next, the
capacitor number assigned to each of the clements in the ablating sequence are
listed in order. MNote that the first capuacitor in the understructure (i.e., 21)
(see Figure 5) is the last number to be listed. WMo particular number sequence
need be assigned te the capacitors when feormulating the geometry break-up as any
combination of numbers, each less than the number 1000, can be handled by the
ablation seque. ce. The fourteenth entry in the sample problem ablation sequence
is the number of capacitors (i.e., 11) in the second ablating column., The fifteenth
entry starts a list of the capacitors in the second column, If additional
columns were present the cycle would be repeated. However, the total length
of the tsble must not exceed 500 entries.

Following th: ablatior sequence are tables giving th thermal properties of
the two materials, Teflon ard stainless steel. The form of the tables is identicai
to those listing the trajectory and atmospheric prope~ties. Note that the density,

cpeciric heat, and thermal conductivity must be J}isted fodividually. In the case
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of stainless steel a table was not used for the density since only a single

value was krn~wn. This value {5 given on Jage 9 of the coding sheets. Constants
may of course, be used in place of tables at any time. Folluwing the listing

of the thermal properties, the ablative properties of the materials are given

on Page 11. Ouce again, the tables are in the usual form and a single enthalpy
difference table is given to serve both the HEFF and ablation temperacure. tables.

At the bottom of Page 11, a constant equal to 1 is defined under the
variable name of F18. This constart will be found useful later in the argument
nf some of the subroutine calling statements. A final item specified before
the CALL statements are the variable names assigned to the initial surface
«lements. For the sample problem, element 1 has been assigned the fixed-point
variahle name INDX1 and element 11 has been assigned the variable name INDX2Z.
This can be seen on Page 12,

As a final note on the tables it should be mentioned that the order in which
all the above tables are specified is not ciritical. They may be placed anywhere
fetween the CPMM@N statement and the firs:t CALL siacement.

The remainder of the program consists of CALL statements. The reader will
find it helpful tu refer periodically to Section 3 where the calling sequence
is defined for each of the routines. Particular attention should be ,iven to the
way variable names are placed in the calling sequences and to seeing that they
do, indeed, satisfy the requirements described in Section 3.

The first statement in the series is the CALLASET statement (Page 12 of the
ccding sheets). For the sample problem, CALLASET has been instructed to make
computations from O to 11 seconds and set all capacitors at an initial tempers-
ture of 519°R with the exception of one capacitor, nu.iered 1000, whose

temperature is set at 600°R. The CALLTRAJ statement has in its calling sequence
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the variable names which were given previously to the Mach number, altitude,
and time table:. Note that this stacement has the number 1 in column 5. It

is important to include this statement number since the program is instructed
to loop back to statement 1 after each time etep. The CALLATM statement has in
its calling sequence the variable names given to the ambient temperature, pres-
sure, and zltitude tables. The CALLF@RALT statement lists the capacitor number
100C which was chosen as the capacitor to represeu. space for this problem. It
also lists the variable names given to the temperature of space and to the
altitude tables.

The CALLAAER® statements supply information to compute thie aerodynamic
heating. The reader should refer back to the detailed description of the calling
sequence given in Section 3 and to the accompanying definitions of the variable
names. In the arguments of the CALLAAER® statements it is seen that surface
areas in the sample problem have been assumed to be 0.0833 square feet and that
the reference lengths of INDEX1 and INDEX2 have been assumed to be 0.033 feet and
0.117 feet, respectively.

The CALLA AP statements follow next on Page 12 of the coding forms. Note
that there is one statement for ec<h capacitor shown in Figure 5. In the
calling sequence of ACAP the hand-czlculated volume of each capacitor is entered
along with the variable names assigned to the density, specific heat, and
temperature tables.

On coding form Page 13 are listed several CALLCON statements dJdescribing the
conduction between nonshlative capacitors. CALLCON statewents sre used ir place of
CALLAOPMCN because of their shorter calling sequence.

The CALLACOMCN statements on Page 14 identify the ~apacitor pair being

joined and give the area-to-length ratio between the first node and the interface,
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the interface area, and the area-to-length ratioc between the interface and
second noue. For the sample problem, it was assumed that the interface resis-
tance would be negligible. Therefore, a ve-y large number, .1 x 109, was used
to represent the interface area. The interface unit conductance was then assumed
to be equal to 1 and was inserted into the cailing sequence by use of the
previously defined variable F18. The resulting interface conductance is so
large (.1 x 109) that the interface resistance is cifectively zero. Note that
since F18 was a constant and not a table, there was no independent variable.

A zero was placed in the calling sequence folluwing F18. This was repeated in
subsequent AOPMCN sequenceg. in general, if a constant previously assigned a
variable name is to be entered into any calling sequence, its variable name is
always listed followed by a zero.

On Page 15 of the coding forms CALLRAD statements are given; one for INDX1
and the other for INDX2. In this problem, 1000 was used as the capacitor
number to represen’ space and therefore appears in the calling sequence ¢ eac.
statement., A surface area of .0833 Fc: is given followed by the variable name
{F8) assigned :0 the constant emissivity. It should be noted once ;gain that
since a variable named constant i< used, the variable name is followed by a zero.

The CALLWRITE statement appears on Page 15 of the coding sheets. It gives
the times at which printouts are desired. Care must be taken to insure that the
first number in the calling sequence is an accurazte count of the number of times
at which printout is desired. One should recail fiuom previous discussions thar
printout will occur automatically at crucial times other than those l.sted in
the argument of the CALLWRITE statement. In order to allow for pogsible longer

runping times future printouts were called for up t: 36 szconds even rhough the
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sample problem was set to run only 11 saconds. %ue CALLASTEP statement following
on Page 16 of the coding sheets requires no calling sequence and, therefore, no
discussion, The f.nal call statement is the ZALLABL statement. Thir calling
sequenice nust contain the variable names given to the initial surface elements.
For this sample problem the names INDXl and INDX2 were assigned to the initial
surface elements. The next statement, the G@ T¥ 1 statement, will cause the pro-
gram to go back to the CALLTRAJ statement after eech time step and proceed with
new computations for the new flight time. The program is completed with an END
card which is required in all FPRTRAN jobs.

After the data on the coding sheets 1 through 16 have been converted to
information on punched cards, the resulting contrel program deck is combined
with the deck of binary subroutines for running on the computer. The decks of
binary subroutines are available upon request from the authors.

Figure 6 presents a section of printout taken from the sample problem at a
flight time of 3.6 <econds. For the most par%, the printout is self-explanatory
but a few words of clarification will be given.

The units of the variables in the printout are:

Time - Seconds
Altitude - Feet
Pressure - Pounds per square foot
Temperature - °F

o 2 o
H prime - Btu.(Ft) /Ft".Sec:°PF
Current Volume (VC) - Ft3

Effective heat of ablation (EFFHV) - Btu/lb
The thermal capacitor numbers and their associated temperatures are lis*ed if the

temperatures have changed from their inicial values, Additicnal contact temperature,
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are given on both sides of the interface between these capacitor previously
joined by CALLAOPMCN ctatements. The local flow properties are listed according
to an ID number which corresponds to the ID number in each CALLAAYR® s+atement,
Thus, to find the cepacitor numbers to which each set of flow conditions applies,
one must refer back to a CALLAAER@ statement containing the propzr ID number.
Figures 7 and 8 graphically present results from tha sample problem. Ta
Figure 7 :lie ablator thickness versus time for the two ablsting "corumns" is
given. The ablation rates are considerably different because the problem was
deliberately set up with boundary layer transition occurring between the two
columns., Thus, ™“lation under both lamiaar and turbulent flow is present. Figure
8 presents temperature-time results for the external surface (at the location of
element 1) and the steel understructure. It is seen that the surface teqperacure
conrinues to rigse after the onset of ablation at 3.4 seconds. This is caused by
the changing enthalpy difference across the boundary layer and the fact that the

ablation temperature is a function of the enthaipy differeace.

The example problem chosen is an extreme case which demonstrates the capability

of the computer program to deal with a substantial differential in local ablation
rates and large local differences in the thermal mass of the structure. Therefore,
it should be re-emphasized that the effect of body contour chasges on vehicle
aerodynamics is not acccunted in the computer program. On the other hand, in cases
where body contour changes do not substantiaily affect vehicle aerodynamics the
present cowputer program can be used effectively o integrate the thermgl analysis
of ablatively protected structures having complex interconnected conducting paths.
As a final note on the program, Table II has been p-epared in order to show

the upper limit on program capacity.
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NOMENCLATURE

Elemental planar surface, located in conductive medirm z.d orientated
in direction normal to direction of heat flow but aligned wi.h x-
direction on ablation element

Element:l planar surface, located in conductive medium and orientated
in direction norma!l to direction of heat flow but aligned with z-
direction (in or out of exterior surface) of ablatiocn element

A constant

Capacitance of element i

Specific heat of a gas at constant pressure

Specific heat of a solid material

A radiation configuration factor based on geometry
A radiation configuration factor based on emissivity
Convective hecat transfer coefficient based on enthalpy difference

Convective heat transfer coefficient based on enthalpy difference in
the absence of mass release from surface

Enthalpy of air in contact with an adiabatic wall surface

Enthalpy of air in contact with the adiabatic surface of element i

Enthalpy °F gaseous wall material at wall surface temperature and
pressure conditions

Static enthalpy of air at local-flow conditions

Enthglpy of sulid wall material at initial condition

Enthalpy of sublimation

- Enthalpy of sublimation for the wall surface temperature conditicu

Enthalpy of air in contact with a non-adiabatic wall surface

Enthalpy of air in contact with the non-adiab-tic surface of element i_

Reference enthalpy of air defined by Equations (3) and (4)
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ki Therwal conductivity of element i at its temperature condition
k Therwmal conductivity of air
K Thermal conductance
Ki 1 Thermal conductance between node i ard node 1 -
2
Ki i1 Thermal conductance between node i and interface between element 1 and
’ element 1
2 Elemental length of conductive path directed normal to adjacent
aervdynamically heated wall surface
li 13 Elemental length of conductive path directed normal to adjacent
? aerodynamically.heated wall surface and running between node i and
the interface between element i and element 3
L Elemental length of conductive path directed parailel to adjacent
aerodynamically heated wall surface
Li 1 Elemental length of conductive Path directed parallel to adjacent
? aerodynamically heatcd wall surface and running between node i and the
interface between element i and element 1
Ho Free-stream Mach number )
M Mach numbe: of local flow
m A constant
ol Mass “low rate of ablator across unit area of the control surface
n A constant
r Local static pressure
Po Free-stream static pressure
Pr Prandtl number
9, Non-ablative convective heat flow per unit time and unit wall-gurface
area
U ad Radiation heat flow per unit time and unit wall-surface area
Re Reynolds number
T Abgolute temperature
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T
c

T
o

T
aw

A constant used in Sutherland's Viscosity Law
Absolute initial temperature of solid material

Absolute temperature of the air in contact w'th an adiabatic wall
surface

Absolute temperature of the air in coutact with the adiabatic wall
surface of element i

Absolute temperature of a non-adiabatic wall surface

Absolute temperature of effective radiation space

Absolute temperature of an ablating surface

- Absolute temperature of the ahlating element i

Present-time absolute temperature of element i
Future-time absolute temperature of element i

The absolute temperature corresponding to reference enthalpy H* at
1 atm.

Tiwe, time increment

Local velocity external to boundary layer
Presen. -time volume of element i

Future-time volume of element i

Distance from leading edge

Transpiration factor based on enthalpy difference
*
Air absolute viscosity evaluated at T

A constant in Sutherland's Visccsity Law

50.
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05 - Density of element 1

* *
P - Air density evaluated at T
g - Stefan-Boltzmann Constant

51.
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UNITS OF COMPUTER PROGRAM INPUT VARIABLES

VARTABLE UNITS
Altitude Ft
Temperature °R
Pressure Lbf/FL2
Volume Ft3
Density me/Ft3
Specific Heat Btu/Lb_°R
Thermal Conductivity Btu-Ft/th-hr-°R
Modified Effective Heat of Ablatior (HEFF) Btu/me
Area th
Length Ft
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Fig. 4 SKETCH OF AREA OF ANALYSIS FOR SAMPLE PROBLEM
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NOTES:
1. ALL DIMENSIONS ARE IN INCHES.
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Fige 3 SREAKUP OF GEOMETRY FOR SAMPLE PROBLEM
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AALATOR THICKNESS (Inches)
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Fig. 7

SAMPLY: PROBLEM ABLATOR THICKNESS YERSUS TIME
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APPENDIX A

THE MODIF¥IED EFFECTIVE HEAT OF ABLATION

Figure Al has been prepared in order to show two typical pyrolization
processe<, and a typical temperature distribution in the boundary layer and ablator.
Figure Ala illustrates a combined sublimation-oxidation process while Figure Alb
depicts chervingrablatiow, . With reference to the cemperature distribution, Figure
Alc, it cam be assumed either that the ablater has been suddenly injected into 2
hot-gas stream and is experiencing 8 transient surface temperature rise, or that
ablation has steadied out such that the temperature prefile shown s of a fixed
shape and magnitude with respect to the moving surface. As is well known, one of
the principal features of agblation is the reduction im imward convective heat fiua
through the boundary layer by the outward flow of released gas. This release of gas
into the boundary layer is similar iz its effect on the boundary layer to the release
from a transpiratior cooled wall. Therefore, the blocking effectiveness of the

release is commonly characterized by a tramspiration factor BH.

LOCAL row I KAL FlowW
— ———p
repeet c2BE "/5’&

o ”;//{,,,
| Sctesrtarsons : : ne [zouE | 7 7 -
| Awo arowan *r-'-1*—-~P
i DV covrmae | CEOMPRSING |
{ . : Vowma l , : .
f LG ~ ST f
—— —0- L___}___i Iz

£4) (6) e (¢)

Figure Al. Two Modes of Ablation and a Typical Temperature Distribution
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In the case of the steady ablation process the fundamental steady
one-dimensionsl energy equation on t' e control volume of Figure Ala, which

extends deep into the steadily ablating semi-infinite body, is

o . - a - q
A = H(g)w H(S)o + ,.H(Haw Hw) + r;d (al)
Effective Enthalpy Blocking Net Outward
Heat of Rise of Term Surface
Ablation Ablator Radiation

where 4, denotes ordinary unblocked convective heat flux to a wall whose surface
temperature is equal to that of the ablating surface. With reference to equation
(Al) it can be seen that a purely experimental effective heat of ablation can be
vbtained in the laboratory by applying a given level of (Haw - Hw) and by measuring
q, to a non-ablating calorimeter model, whose surface temperature is equal to
the ablator surface temperature, and by measuring mass loss rate m of the ablating
model in the same stream. The exper
correctly represent the right-hand side of equation (Al) if
(a) Calorime.er radiation matches that of the ablator, or if q, is
corrected in the case of a mis-match.
(b) The ablation model is thick enocugh to simulate a semi-infinite body.
(c) The rur is steady or is corrected for any unsteady periods.
(d) The supply air is clean.
(e) Alr pressure effects on degradation chemistry gimulate the ia-rflight
case,
By comparison to the foregoing direct erperimentai m_ ‘hods, the indirect experimental

method of determining qolﬁ iavolves selecting a level -f Haw° Hw and rsuitable
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experimental values ot other quantities on the right-hand side of Equation (Al).
In the particular case of a subliming ablator, HCS)V - H(s)o cen ve calcaiated
from the relation

T
Y

Bgw " Bs)o ™ Bisgiw * J[r p(a

o

)dT (a2)

provided the ablatiqn wall surface temperatuve Tw is known. The enthalpy-based
transpiration factor BB is available in the literature (5) covering the.laminar
and turbuleet boundary layers. However, calculation of the radiation term qolﬁx
is not straight-forward because it involves the unknown ablation rate m. The

alternate evpression for qo/ﬁz due to Adams (5)

?_o - H(1;)1»' N ﬂ(s:)o + BH(Baw ” Hw) a3)
" 1. -xad
9

results from a rearrangement of the terms of Bquation (Al). Still, however, the
cdlculation of ‘Tad/qo is not straight-forward because it involves the unknown
heating rate 9,- No attempt will be made to resoive this problem here. For
further discussion, see Reference 6.

In the present ablation program an equivalent surface-ablation energy
property was needed. It was defined as gthe sum of the sublimation enthalpy

change and the blocking term. By substituting Equation (A2) into Equation (Al)

one finds this sum to be velated to the effective heat of ablaticn in the fg.nowinz

way
% Gegd
+ - =]+ - AT - —3 ;
H(sg)v BHcﬂaw H‘-) m ‘11‘ Cp(s ;(‘T & 1A%)
o sexi-infinite

test hody
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Since the righ.-hand side of equation (A4) is a modified form of the ordinary
effective heat of ablation qo/é it is called the modified effezcive heat of
ablation. When obtaining the modified cffeciive heat of ablation from the
literature one must exercise good judgement with regard to factors (a) - (e)

cited above.
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